Neural, vascular and structural variables contributing to the blood oxygen level-dependent (BOLD) signal response variability were investigated in younger and older humans. Twelve younger healthy human subjects (six male and six female; mean age: 24 years; range: 19-27 years) and 12 older healthy subjects (five male and seven female; mean age: 58 years; range: 55-71 years) with no history of head trauma and neurological disease were scanned. Functional magnetic resonance imaging measurements using the BOLD contrast were made when participants performed a motor, cognitive or a breath hold (BH) task. Activation volume and the BOLD response amplitude were estimated for the younger and older at both group and subject levels. Mean activation volume was reduced by 45%, 40% and 38% in the elderly group during the motor, cognitive and BH tasks, respectively, compared to the younger. Reduction in activation volume was substantially higher compared to the reduction in the gray matter volume of 14% in the older compared to the younger. A significantly larger variability in the intersubject BOLD signal change occurred during the motor task, compared to the cognitive task. BH-induced BOLD signal change between subjects was significantly less-variable in the motor task-activated areas in the younger compared to older whereas such a difference between age groups was not observed during the cognitive task. Hemodynamic scaling using the BH signal substantially reduced the BOLD signal variability during the motor task compared to the cognitive task. The results indicate that the origin of the BOLD signal variability between subjects was predominantly vascular during the motor task while being principally a consequence of neural variability during the cognitive task. Thus, in addition to gray matter differences, the type of task performed can have different vascular variability weighting that can influence age-related differences in brain functional response.
Introduction
Functional magnetic resonance imaging (f MRI), using blood oxygen level-dependent (BOLD) contrast, has been used to infer differences or patterns in neural activity both within participants and between participant groups. However, BOLD f MRI is an indirect measure of neural activity. f MRI signal changes result from changes in proportions of oxygenated to deoxygenated blood in the capillary beds that feed neural systems. Therefore, subject-specific cerebrovascular and baseline physiological factors, in addition to neural activity, affect BOLD f MRI. Thus, drawing inferences of altered neural activity due to aging and disease can present several challenges due to these factors [1] . Despite growing evidence of the effects of these factors on group differences in BOLD results (e.g.,), most studies still assume equivalence of these factors between the groups under study.
Normal aging is associated with changes in cerebrovascular function, neuronal structure and cellular metabolism [2] . As a person ages, dramatic changes occur in neural and cerebrovascular structures leading to differences in taskinduced f MRI-BOLD responses. A decreased f MRI response in the elderly has been observed in studies using visual, motor and cognitive tasks [1, 3, 4] . While age-related differences in f MRI response have been well documented, it is difficult to infer if these differences stem from age-related neural plasticity that alters the mechanisms by which brain structures implement cognition or age-related cerebrovascu-lar changes that alter the mechanisms by which blood-flow supports neural activity [5] . This ambiguity results from the fact that aging-induced changes in vascular reactions to neural activity can also alter task-induced f MRI response [6, 7] .
Tests of age-related changes in the hemodynamics that accompany neural activity have been based on the suspicion that known age-related cerebrovascular changes may alter relationships between neural activity and blood-flow [8, 9] , making assumptions of hemodynamic equivalence untenable [10] . These studies have shown contrasting age-related hemodynamic changes in the motor cortex. One study used a simple-sequential-grasping-response to demonstrate agerelated slowing of hemodynamic rise-time [11] . Another study used periodic button-press and found age-related signal-to-noise ratio reduction and reduced suprathreshold activation [12] . In contrast to these results, other studies using finger-tapping (FTAP) have shown age-related reductions in signal intensity [13] while others have shown agerelated increases in signal intensity [14] . Studies investigating other primary sensory regions have observed age-related decreases in magnetic resonance imaging (MRI) signal. Ross et al. [3] recorded f MRI signal from young and old adults' V1 during periodic photic stimulation and observed reduced signal amplitude in that region. Reicker et al. [15] compared younger and older groups performing a motor task with an increasing functional demand on the motor system. They found age-related activation increases within the motor system not related to the functional demand and concluded that it does not necessarily reflect compensation for neurobiological age changes. In contrast, Heuninckx et al. [16] observed age-equivalent activity when younger and older subjects performed a simple motor task but age-related increases in activity when subjects performed a complex motor task. Three conclusions may be drawn from the above studies. First, all of these studies show age-related hemodynamic differences. Second, results from these studies have not been consistent with respect to extent and direction of hemodynamic response function (HRF) differences with age. Third, several task factors, including the stimuli employed, the response required and the extent of cognitive demand, have varied across these studies. More conclusive results would necessitate studies that (1) take the subjectspecific cerebrovascular and baseline physiological factors into account and (2) are not based on the assumption of between-group hemodynamic equivalence, but instead take account of the origin and functional characteristics of the observed signal [17, 18] . Indeed, any study of age-related changes in brain function requires consideration of structural changes, task design and the activation responses normalized to vascular reactivity to obtain valid quantitative estimates of age related changes in neural activity [19] .
Examples of how task and age can reflect the extent of reduction in vascular variability is evident from earlier studies of hemodynamic scaling (hypercapnic calibration or hypercapnic normalization) of functional responses. In younger subjects performing a working memory task, hypercapnic calibration using a breath-hold (BH) task led to a 25% reduction in the fractional intersubject BOLD variability [20] when compared to an 85% reduction in a mixed group of young and old subjects performing a motor task [21] .
The present study focused on understanding the brain structural, neural and cerebrovascular influences on BOLD f MRI data collected on young and elderly participants engaged in motor and cognitive tasks. To address age-related vascular variability that could alter spatial responses to tasks, subjects were separated into younger (18-30 years) and older (55-75 years) groups. Subjects performed motor, cognitive and BH tasks in the same scanning session. Hemodynamic scaling of functional activation was performed using the BH response to eliminate vascular variability in the motor and cognitive task responses. The results indicated that BOLD signal amplitude and spatial variability in task-induced f MRI response is predominantly vascular in origin during motor task performance and mostly neural in origin during the cognitive task performance.
Methods

Subjects
Twelve younger healthy subjects (six male and six female; mean age: 24 years; range: 19-27 years) and 12 older healthy subjects (five male and seven female; mean age: 58 years; range: 55-71 years) with no history of head trauma and neurological disease were scanned. The Institutional Review Board of the University of Texas at Dallas approved all experimental procedures. Written informed consent was obtained from all subjects who were paid on an hourly basis during the study.
Experimental paradigm
During the f MRI session, participants completed four tasks to distinguish f MRI signal changes due to neural activity versus vascular reactivity: (1) rest, (2) periodic BH, (3) periodic bimanual FTAP and (4) Digit-Symbol Verification Task [17] . Participants completed these tasks in six separate scanning runs within the f MRI session.
Rest
For the rest run, participants were instructed to rest with their eyes closed for 3 min.
Periodic BH
Subjects performed end-inspirational BH inhaling a normal volume of air, which they would perform in a normal breathing cycle [18, 22] . For the periodic BH task, participants completed three BH trials lasting 20 s each, separated by 40 s of normal respiration and 40 s of normal respiration preceded the first and followed the last trial. A white circle remained centered on the screen during the normal respiration periods, and to signal the BH periods, the circle changed color to cyan and began flashing at 0.5 Hz. Subjects completed two practice trials prior to entering the scanner. Before the practice trials, subjects were instructed on the style of the BH and the visual cue they would observe to perform the BH task. Participants were instructed to take a normal breath when the changed colors began flashing and to hold their breath until the circle stopped flashing. They were instructed to avoid a "deep bellybreath," which would be equivalent to a valsalva maneuver. During the practice sessions, the subjects were timed for their ability to hold their breath for the duration of 20 s, which was comfortably performed by all subjects. Additional practice sessions were given to subjects who needed more trials to learn the BH paradigm. One of the experimenters observed the performance of the subjects during the practice sessions and advised minor corrective measures necessary to perfect the task.
Periodic bilateral FTAP
For the periodic bimanual FTAP task, participants completed four FTAP trials lasting 20 s each, each separated by 20 s of rest, and 20 s of rest preceded the first and followed the last trial. A white circle remained centered on the screen during the rest periods, and to signal the FTAP periods, the circle changed color to cyan and began flashing at 0.5 Hz. Participants were instructed to sequentially touch each finger to its respective thumb making one touch and release, as best they could, in synchrony with the flashing circle. All subjects were able to perform this task with relative ease. Thus, this task was behaviorally normalized between the young and old groups.
Digit-Symbol Verification Task
The Digit-Symbol Verification Task was adapted from the task reported by Rypma et al. [17] , which was modeled after the Digit-Symbol Substitution Task (DSST) from the Wechsler Adult Intelligence Scale [23] . Participants completed 156 trials across three scanning runs (52 trials per run). On each trial, a digit-symbol key and a digit-symbol probe appeared simultaneously ( Fig. 1) for 4 s. Participants were to indicate as quickly and accurately as possible whether the probe pair matched one of the pairs in the key (right thumb response button=yes; left=no). On half of the trials, the probe pair matched a digit-symbol pair in the key. Participants were to respond within the 4 s that the stimuli were presented on the screen. The DSST trials for each run were randomly intermixed (jittered) with twenty-three 4 s rest periods.
Magnetic resonance imaging acquisition
MRI was performed on a 3T Philips scanner. The imaging system was equipped with a fixed asymmetric head gradient coil and a quadrature transmit/receive birdcage radiofrequency coil. Subjects were positioned in a supine position on the gantry with head in a midline location in the coil. Foam padding and a pillow were used to minimize head motion. High-resolution T1-weighted anatomical images were obtained from all subjects. Gradient echo-echo planar imaging (EPI) images were subsequently obtained during rest, BH, FTAP and the DSST task. 32 slices were obtained in the axial plane covering the entire brain. Imaging parameters were: field of view of 22 cm, matrix size of 64×64, TR/ TE=2000/30 ms and slice thickness of 4 mm; 110 EPI images were obtained during each of rest, BH, DSST and FTAP tasks. Imaging parameters were kept the same for all four runs.
Data analysis
All f MRI data sets were preprocessed using AFNI [24] . The EPI images were corrected for motion using a rigid-body volume registration algorithm available in AFNI. We used motion correction parameters to calculate the total amount of motion in six directions of rotation and translation throughout each run. The maximal displacement (D) was computed after considering motion in all six directions to obtain a single D value for each volume [25] . A maximal displacement of N2 mm was considered as the criteria to reject data sets for further analysis. Analysis was done only on voxels that represented brain tissue. All data sets were detrended to correct for quadratic trends. Resting state data from one young subject (due to corruption) and data in one elderly subject with the exception of the DSST task (due to excess motion) was not considered for further analysis.
To determine activated areas during each task, a gammavariate function was convolved with the task reference function and cross correlated with the BOLD signal on a voxel-wise basis. During BH, the reference function was appropriately shifted to take into account the large hemodynamic delay during the BH response [22] . As each task had different time series lengths, different correlation threshold values were used to obtain similar Bonferroni corrected P values. Activation maps were determined using a correlation coefficient threshold of 0.30 for the BH task, 0.20 for the DSST task and 0.35 for the FTAP task (corresponding to a Bonferroni corrected Pb.01; [26] ). The average of the activation from the three DSST runs was considered as the subject activation for the cognitive task. To minimize false positives, a minimum cluster size of 20 voxels was considered for generating the activation maps during all tasks. Group activation maps were determined by converting each subject's functional map to standard stereotaxic space based on the Talairach and Tournoux atlas [27] using a linear transformation. The correlation coefficients r from each individual subject's functional maps were z-transformed (z=0.5⁎log[(1+r)/(1−r)]) by considering the arctanh of r on a voxel-wise basis. The z-transformed map from each subject was averaged. The averaged z-maps were transformed by considering the tanh of the z-values to obtain the average correlation coefficient map for each group [28] . The number of suprathreshold voxels in each subject was estimated to determine the activation volume on a subject-wise basis.
Gray matter volumes were determined for both the younger and older subjects using high-resolution anatomical T1 images. The skull was stripped from the anatomical images using the AFNI program 3dSkullStrip prior to any segmentation. An automated gray matter segmentation was carried out on every subject using FAST (a hidden Markov random field model and an associated Expectation-Maximization algorithm) available in FSL (FMRIB Software Library, Oxford, UK) [29] . The gray matter segmented image was visually compared to the high resolution T1 anatomical image of each of the subjects.
Hemodynamic amplitude scaling was accomplished by dividing the BOLD signal response amplitude during the motor and cognitive task with the BH-induced BOLD response amplitude in the corresponding voxels [20, 21, [30] [31] [32] .
Differences between group means were tested using unpaired Student's t tests, and the equality of variances between groups was tested using the Bartlett's test. All tests were considered significant when Pb.05.
Results
Subject motion
We estimated the rotation and translation motion parameters during all tasks in every subject. The mean motion estimates are shown in Table 1 . Most subjects had a maximal displacement (D) within 2 mm except one older subject whose data was not considered for further analysis. Motion in the older subjects was significantly larger than the younger subjects during the BH and cognitive task (Table 1) . Several older subjects exhibited larger motion during the rest and motor task; however, no significant group difference in motion was observed during the rest and motor task.
Group activation volume
Group activation volume was estimated after averaging the individual activation maps across the younger and older group of subjects. Group activation volume was significantly smaller in the older subjects when compared to younger during all tasks. Fig. 2A -C shows the group activation during the motor task for the young. Fig. 2D -F show these data for the older group. The group activation volume during the motor task in the younger and older group was 29 and 16 cm 3 , respectively. Activation volume during the motor task in aged subjects was about 45% lesser than the activation volume observed in younger subjects.
The DSST activated several brain regions including the Brodmann area 7, 9, 18, 19, 24, 31, 40, 44 and 46 in both younger and older subjects. Fig. 3A -C shows the activation during the DSST in Brodmann area-9 in the young. Fig. 3D -F shows these data for the older group. Fig. 4A -C shows the activation during the DSST in Brodmann area-18 in the young. Fig. 4D -F shows these data for the older group. The older subject group showed reduced areas of activation when compared to young in all areas activated by the DSST. The group activation volume during the DSST in the younger and older group was 156 and 94 cm 3 , respectively, indicating a 40% less activation volume in the older subjects compared to the younger. As cerebrovascular reactivity can influence f MRI-BOLD signal changes, we measured the cerebrovascular reactivity in the younger and older subject groups using the BH task. The BH task tests cerebrovascular reactivity and can be used in lieu of CO 2 [22, 33, 34] . BH induced a global brain response in both younger and older subjects (Fig. 5) . The group activation volume during BH in the younger and older group was 395 and 243 cm 3 , respectively. Activation volume during the BH task in older subjects was about 38% less than the activation volume observed in younger subjects.
Brain volume appeared to be more pronounced in the gray matter compared to white matter areas. To investigate possible gray-matter age differences, we segmented the gray matter from each individual brain and estimated the volume. Fig. 6A shows the gray matter volume as a function of participants' age. Gray matter volume in the younger and older groups were 643±44 cm 3 and 553±45 cm 3 respectively, a 14% reduction in the older subject group when compared to the younger. A significant group difference in the gray matter volume was observed between the younger Fig. 2 . Average activation map during the motor (FTAP) task for the young (A-C) and old (D-F) groups. A voxel-wise cross-correlation of the BOLD signal time course was performed with the boxcar reference function representing the motor task for each subject. The correlation coefficient maps obtained from each subject were averaged to obtain the average map for the young and old groups. The group activation map was determined using a threshold of 0.35 for the correlation coefficient (Bonferroni corrected Pb.003). and older groups (Pb6 × 10 −5 ; Student's t test). As shown above, the age related decline in f MRI-BOLD activation volume during all tasks was substantial (around 40%) compared to the 14% decrease in the mean gray matter volume for the older subject group. As there is a possibility that age-related reduction in brain volume can contribute to the reduction in the f MRI-BOLD activation in the elderly, we investigated the relationship between gray matter volume and BOLD activation volume during all the tasks. The gray matter volume was correlated with BOLD activation volume during the motor, DSST and BH tasks for all subjects (Fig. 6B-D) . A correlation of 0.1-0.4 was obtained for all the tasks indicating that there was a task-activation volume dependence on the gray matter volume. Thus, a 14% gray matter volume decrease as indicated above in the older subjects could have significantly contributed to the reduction in the f MRI-BOLD activation volume.
Subject-level activation volume and its variability
Because the gray matter volume significantly differed between the younger and older groups, all task-induced responses were normalized to the mean gray matter volume of the whole sample scanned. The subject level activation volumes for all the three tasks are shown in Table 2 . No significant difference was observed in the mean activation volume between the younger and older groups in any of the tasks (Table 2 ). Intersubject variability in the activation volume was assessed with the coefficient of variation (CV=ratio of standard deviation and mean). Inter-subject variability in the activation volume during all tasks was significantly higher in the older subject group during the motor task compared to the younger (Table 2) . However, no significant variability was observed between the younger and older group during the cognitive and BH tasks ( Table 2 ). 
Group level BOLD signal response amplitude
Fig. 7A-C shows the average BOLD response amplitude during all tasks in the younger subjects. Fig. 7D -F shows these data for the older subjects. The average percent change in BOLD signal during all tasks was computed from the respective group activation volumes. During the motor task, a higher mean BOLD signal change of 1.84% was observed compared to 1.68% in the older group. During the cognitive task, the mean BOLD signal change was comparable with a change of 1.54% in the younger and 1.51% in the older group. During the BH task, the mean BOLD signal change was 2.4% in the younger and 2.7% in the older subject group.
Subject level BOLD signal response amplitude and its variability
We analyzed the BOLD signal response amplitude on a subject-wise basis by spatially averaging the BOLD signal change in the active voxels from each subject during all tasks. The average BOLD signal amplitude from the motor and cognitive task-activated areas in the young was not significantly different from the old (Table 3) . These results were similar to those obtained using the HRF amplitude in the motor areas [12] and visual areas [4] .
During the motor task, the CV in the young subject group was 0.18, which increased to 0.57 in the older subject group. However, during the cognitive task, the CV in the younger subject group was 0.28, which was comparable to 0.25 in the older subject group (Table 3) . Thus, the older subjects responded with significantly higher BOLD amplitude variability among themselves during the motor task, which was not apparent during the cognitive task. Considering the whole population of younger and older subjects, the intersubject BOLD amplitude variability during the motor task was 0.47 when compared to 0.26 during the cognitive task. The younger subjects showed significantly different BOLD amplitude variability during the motor task (CV=0.18) when compared to the whole population (CV=0.47). A significant difference in variability compared to the whole population was not apparent in the younger subject group when they performed the cognitive task.
Vascular sensitivity is known to play a significant role in the task-induced BOLD signal change [18] . The extent of vascular sensitivity in the BOLD signal response can vary depending on the tissue in a particular voxel [30, 34] . To verify the extent of vascular variability in the task-induced responses, we estimated the BH-induced BOLD signal change in the younger and older subjects from the taskactivated regions of interest. Table 4 shows the BH-induced signal change from all subjects from the regions activated by the motor and the cognitive tasks. The older subjects exhibited a larger vascular variability in the motor task regions when compared to the younger. However the increase in variability was not significant between the younger and older groups during the BH task (Table 4 ).
Intersubject spatial variability in BOLD activation
We estimated the spatial overlap of activation for all subjects in the young and old groups. Binary activation maps were obtained for each subject in the younger and older groups and subsequently averaged. Fig. 8 shows the spatial extent of activation during the motor, cognitive and the BH task. All active voxels, irrespective of the color, in Fig. 8A1 and B1, are the union of active voxels during the motor task from all subjects in the younger and older groups, respectively. Overlap of motor activation from at least two and as many as 11 subjects were linearly color-coded, and the maps from at least two up to five subjects as a threshold are shown in Fig. 8A2-A5 and B2-B5 for the younger and older subjects respectively. Fig. 8C and D and 8E and F show these data for the cognitive and BH tasks respectively. As evident from Fig. 8A1 and B1 , the task-induced motor response was more spatially distributed in the older as compared to younger subjects. In other words, the older subject group displayed a relatively larger spatial variation in the motor task-induced response when compared to the young. This larger spatial variability in the motor taskinduced activity in older subjects resulted in a faster rate of decline in the spatial overlap of activity for higher subject thresholds in the older group (Fig. 8B1-B7 and G) as compared to the younger group (Fig. 8A1-A7 and G). During the cognitive task, the spatial variability in the older subjects was also relatively high when compared to young. This was similar to that observed during the motor task. In other words, the progressive decline in the spatial overlap of activation with increasing subject threshold occurred at a slower rate in the younger (Fig. 8C1-C5 and H) when compared to the older subjects (Fig. 8D1-D5 and H) . A similar result was observed during the BH task as depicted in Fig. 8E1-E5 and I indicating the BH response in young subjects and Fig. 8F1-F5 and I indicating the BH response in old subjects. The rate of decline in the BH-induced response in a larger number of subjects was higher in the older group when compared to the younger.
BOLD response amplitude variability and the effect of hemodynamic scaling using BH
Neural and vascular variability contributes to the total variability in the BOLD signal response. In order to decipher the contribution of vascular components to the variation in the BOLD signal change observed during task activation, we hemodynamically scaled the task-induced response in each subject with the respective BOLD signal change during BH from the same subject. Hemodynamic scaling reduced the mean BOLD signal change during the motor and cognitive tasks in addition to significantly reducing the inter-subject variation in the younger and older subject groups. After hemodynamic scaling with BH, a significantly larger reduction in the variation in the motor task-induced BOLD signal change was observed in the older subject group where the inter-subject CV reduced from 0.57 to 0.22 (Pb1×10 −6 ; Bartlett's test). Such a large reduction in inter-subject variation was not evident in the young subject group where the CV reduced moderately from 0.18 to 0.15 (Pb.002; Bartlett's test) after hemodynamic scaling with BH. During the cognitive task, the intersubject variation in the BOLD signal change reduced moderately from 0.31 to 0.28 (Pb1 × 10 −6 ; Bartlett's test) in the old subject group and from 0.28 to 0.25 (Pb1×10 −6 ; Bartlett's test) in the younger subject group. This indicates that vascular sensitivity variation during the motor task was more prominent in the elderly when compared to the young.
Discussion
Our results indicated that age related BOLD signal differences may be predominantly attributed to neural and vascular variables after age-related differences in graymatter volume are accounted for. Age-equivalent motor task performance was observed. Motor task-induced activation was minimal in the group maps (Fig. 2) , and not significantly different as observed from the subject-wise mean activation volumes (Table 2) , due to a larger intersubject variability in the older subjects. The mean BH-induced BOLD signal response amplitude within the areas activated by the motor task (an indicator of vascular sensitivity), though not significantly different, was highly variable in the older subject group when compared to the younger (Table 4 ). Hence, motor task-induced activation was significantly affected by vascular variables. Accordingly, we observed significant reductions in the group variability after hemodynamic scaling with the BH task.
DSST results indicated that older subjects had reduced group activation volume (Figs. 3 and 4) that was not significantly different when compared to young (Table 2) . However, the mean BH-induced BOLD signal response amplitude and its variability within the areas activated by the DSST (an indicator of vascular sensitivity) were not significantly different between the younger and older groups (Table 4) . Hence, the DSST-induced activation was not Fig. 8 . Activation maps during the motor task (FTAP) from a single axial slice covering the motor cortex in young (A1-A7), and old (B1-B7). Activation maps during the cognitive task (DSST) from Brodmann area 9 in young C1-C5, and old D1-D5. Breath hold induced activation in a single axial slice covering the motor cortex in young E1-E5, and old F1-F5. Binary activation maps were created for every subject and subsequently averaged over each group for the specific task. Color in each voxel represents common spatial activation in any one, up to eleven subjects in each group. Plot of the of the activation area common from one to eleven subjects during the motor G, cognitive H, and Breath hold I, in the young and old. Activation area is plotted in logarithmic scale.
significantly affected by vascular variables. This result is consistent with the relatively smaller reduction of vascular variability after hemodynamic scaling with the BH task [20] . As the vascular sensitivity determined by the BH-induced response from the regions activated by the motor task and DSST was not significantly different in our study, it is likely that the larger vascular variability to the motor task induced BOLD response stems from the design of the motor task (block design) as opposed to the DSST (event related). Additionally, in a recent study, vascular variability has been shown to play an insignificant role in the age-related differences in the BOLD signal response [32] . This study, however, used an event-related task design in which subjects performed a visuomotor saccade task.
Activation clusters could be reduced in older samples due to differences in baseline BOLD variance affecting statistical significance [4, 12] . We analyzed the temporal S.D. using the motion-corrected resting-state scan on a voxel-wise basis. S.D. was estimated from the motor task-activated voxels in each subject. The S.D. was 7.26±1.1 for the younger group and 8.34±1.97 for the older group, respectively. Average baseline noise in the older group was larger but not significantly different when compared to the average baseline noise from the younger group. While the baseline noise can be larger in some subjects within the older group, making an impact on the subject's statistical maps, it cannot significantly affect the group results. Thus, the substantially smaller group activation and mean BOLD signal change in the elderly during the DSST and motor task may stem from larger subject-wise spatial variation in the task-induced responses (Fig. 8) as the subject-wise voxel average analysis failed to show any significant difference in the area of activation and mean BOLD signal change during all tasks between the two groups ( Table 2 and 3) .
We hypothesize that, during normal aging, subtle functional reorganization may occur to account for regional changes in cerebrovascular function. Experimental evidence including these data with diminished gray matter volume in the elderly support the above hypothesis [35, 36] . Structural imaging studies have shown considerable anatomical variability between the brains of younger and older adults and within a random sample of older adults [35, 36] and previous functional imaging studies have also indicated an age-related increase in functional activity [37] . Some researchers have attributed these age differences to strategic cognitive compensation [14, 16, 38] ; our results suggest that age-related brain atrophy may result more in spatial shifts in the functional cell assemblies that support cognitive activity than in shifts in cognitive strategy. We observed a faster rate of decline in the activation volume with increasing subject threshold in the older group even during the nonneural BH task (Fig. 8) . This larger spatial variation in cerebral reactivity in the older subjects may represent structural and functional alterations in the vascular properties with aging. Thus cognitive activity in the elderly may be optimal or suboptimal, depending on the extent of vascular alterations.
Age-related brain plasticity may occur with neural function following neighboring regions that optimally support the task related neural activity. The results during the motor task and the DSST indicate this possibility as both tasks led to a faster decline in activation volume in the older group. Such an age-related plasticity may optimally or suboptimally support cognitive operations. This migration from optimal to suboptimal functional regions could result in an overall reduction in neural efficiency and consequent reductions in processing speed [39] . Indeed, behavioral and neuroimaging studies that have explicitly tested hypotheses of age-related strategic changes in DSST and other cognitive tasks have produced null results [40, 41] .
Vascular sensitivity varied considerably between subjects and more in the older group than the younger in areas activated by the motor task. However vascular sensitivity variation in the elderly may not have a significant role in the inter-subject BOLD variation during the cognitive task, indicating predominantly neural variability. This is supported by results in young subjects, where the intersubject variability during the motor task was CV=0.18 (Table 3) , while the same set of subjects performing the cognitive task (during the same session) had relatively larger intersubject variability of CV=0.28 (Table 3) . However, the intersubject vascular variability, as determined by the BH measurements, was similar in the activated clusters during the motor or cognitive tasks (Table 4 ). In the absence of any vascular sensitivity differences, this result indicates that relatively larger neural variability contributes to the intersubject variability in the BOLD signal change during the DSST in the younger compared to the older sample. Furthermore, in the older sample, DSST-induced intersubject variability (CV=0.25; Table 3 ) was not significantly different to that observed in the younger sample (CV=0.28; Table 3 ) while exhibiting a similar extent of intersubject vascular variability as determined from the BH measurements (CV=0.32; Table 4 ). The above results strongly suggest a neural source for the DSST-induced variability in the BOLD signal change in both young and old subjects.
In conclusion, significant gray matter loss in older participants accounted for almost one third of the reduction in activation volume during all tasks. Larger intersubject spatial variability in activation led to decreased group activation during the motor, cognitive and BH tasks in the older participants. Hemodynamic scaling using parameters from the BH task indicated a significant vascular contribution to the BOLD signal amplitude variability during the motor task while neural variability contributed significantly to the BOLD signal amplitude variability during the cognitive task in the younger and older subject groups. As vascular and neural contribution to the BOLD response can vary depending on the type of task, age-related differences to neural activation-induced functional response should be appropriately weighted. Tasks that have a large vascular variability weighting could lead to larger BOLD signal variability in older subjects, thus complicating efforts to accurately determine the neural basis of age-related differences in task performance.
